This paper describes a stable chromosomal polymorphism in a species of tuco-tuco (Ctenomys minutus) and examines the dynamics of a narrow hybrid zone between chromosomal races distributed parapatrically on the coastal plain of southeastern Brazil. A cytogenetic survey studied 132 specimens of C. minutus from 22 trapping sites within the contact zone and surrounding areas. Seven polymorphic sites were identified; at all other sites, 2n was fixed for 2n ϭ 46 or 48. A single chromosomal rearrangement is involved in the observed variation, which served as a diallelic Mendelian character in a Hardy-Weinberg analysis. Pooling polymorphic populations revealed that the mating system is random among genotypes (i.e., no mating bias is present or there is no purifying selection). Observed frequency of the metacentric chromosome follows a clinal variation. The hybrid zone is located along an ecotone, which could imply that exogenous selection is important in its maintenance. However, applying static-cline methodologies revealed weak exogenous selection, and it is possible that the hybrid zone could be the result of a relatively recent secondary contact with a width determined primarily by neutral diffusion. A historical scenario for the time, place or origin, and spread of the species and its chromosomal races is also presented.
Questions posed by hybrid zone studies have great potential for revealing patterns from which it is possible to infer evolutionary processes (Baker et al. 1989; Barton and Hewitt 1989; Harrison 1990; Hewitt 1988) , and it is not surprising that such zones have long been a focus for evolutionary biologists. Hybrid zones represent a unique opportunity for the investigation of populations in distinct stages of divergence (Barton and Hewitt 1989) .
Subterranean rodents of the polytypic genus Ctenomys comprise more than 50 nominal species that occupy the southern half of the New World neotropics (Reig 1989 ). This genus arose in the early Pleistocene * Correspondent: adriana.gava@ufrgs.br and experienced a burst of speciation (Cook et al. 2000; Lessa and Cook 1998; ). It has been suggested that chromosomal evolution may be a triggering factor in the diversification of the genus (Reig 1989) . Data from genetic variability in allozymes (Ortells and Barrantes 1994) and phylogenetic analysis of G-banded karyotypes support this hypothesis and indicate a causal role for chromosomal change in the evolution of at least some species (Gallardo and Köhler 1992; Ortells 1995) . Despite karyotypic species-specificity (Reig et al. 1992) , which initially suggested a causal role for chromosomes in the evolution of the group, polymorphisms and interpopulation variation do occur in the Argentinean JOURNAL OF MAMMALOGY mendocinus group of species, C. mendocinus, C. chasiquensis, and C. porteousi, all with 2n ϭ 47 and 48 (Braggio et al. 1999; Massarini et al. 1991) , and populations of C. azarae with 2n ϭ 46, 47, and 48 (Massarini et al. 1998) . Populations of C. perrensi are also polymorphic, with 2n ϭ 50 to 57 (Garcia et al. 2000; Ortells et al. 1990; Reig et al. 1992) .
Intraspecific variation occurs in C. minutus from the coastal plains of the southern Brazilian states of Santa Catarina and Rio Grande do Sul (de Freitas 1997) . Seven karyotypes (2n ϭ 42, 2 forms of 46, 47, 48, 49, and 50) were recorded over a 330-kmlong transect. Each karyotype can be assigned to a particular geographic area. The fixed 2n ϭ 46a has a widespread distribution (over almost 135 km) and is distinguishable from a southern 2n ϭ 46b by 2 Robertsonian rearrangements and a pericentric inversion. Along the eastern margin of Barros Lake, the 2n ϭ 46a karyotype forms a contact zone with the 2n ϭ 48 populations, generating individuals with 2n ϭ 47 (de Freitas 1997). Our study presents a detailed analysis of the contact zone between the 2n ϭ 46a and 48 cytotypes of C. minutus and discusses its possible origin and evolution. We also assess the adaptive relationships of the cytotypes, testing for the hypotheses of random union of gametes and deficiency or excess of hybrids.
MATERIALS AND METHODS
Sampling sites.-de Freitas (1997) identified a contact zone on the coastal plain of the Rio Grande do Sul, Brazil (29Њ45Ј to 30Њ15ЈS and 50Њ30Ј to 50Њ00ЈE) involving 2 chromosomal races of C. minutus. A sample of 132 C. minutus specimens was collected from 22 sites within the contact zone and surrounding areas. Skulls and skins were deposited in the collection of the Departamento de Genética, Universidade Federal do Rio Grande do Sul. The area studied is characterized by a mosaic of sandy soils with sparse vegetation, trees (mainly Eucalyptus and Pinus), rice fields, cattle farms, and large areas of sand with no vegetative cover. There is also a string of interconnected lakes bordering the coast, the main one being Barros Lake. Some areas are intermittently flooded, and an elongated swamp is present in the center, where there is a geological depression.
Karyotypic methods.-Mitotic preparations were obtained from bone marrow (Ford and Hamerton 1956 ) and diploid numbers determined after we examined 20 metaphase spreads stained with Giemsa stain. The 3 best metaphases for each specimen were photomicrographed and assembled. G-banding analyses of 2 animals per karyotype were performed following Seabright (1971) . Meiosis (diakinesis) was observed from testicular preparations of 2 heterozygote males following methods of Evans et al. (1964) .
The observed rearrangement was used as a diallelic Mendelian character in a Hardy-Weinberg analysis of pooled polymorphic populations to increase sample size. The null hypothesis (random union of gametes) was tested through a probability test where the probability of the observed sample is used to define the rejection zone. The P-value of the test is the sum of the probabilities of all tables with the same or lower probability (Guo and Thompson 1992) . The score test (U-test) was used to detect heterozygote excess or deficiency . All the calculations were performed with Genepop 3.2 . To determine the clinal pattern of variation in the hybrid zone, we plotted distances between populations on a map (scale 1:250,000) along a northeast-southwest transect and calculated the frequency of the metacentric chromosome for each population.
RESULTS
Of the 132 specimens examined (61 females and 71 males), 3 diploid numbers, 2n ϭ 46, 47, and 48 (all with AN ϭ 76) were observed (Tables 1 and 2; Fig. 1 ). These karyotypes, previously described by de Freitas (1997) , were distinguished by a Robertsonian rearrangement. In individuals with 2n ϭ 47, the heteromorphic pair is formed by a metacentric chromosome plus 2 homologous acrocentric chromosomes (Fig. 1c) . The chromosome Rb 21/22 (2n ϭ 46) plus chromosomes 21 and 22 (2n ϭ 48) form a trivalent on meiosis.
The parental homokaryotypes are distributed across 2 regions: one located northeast of Barros Lake (localities 1, 2, 3, 7, 8, 9, 15, and 16; Fig. 2 ), where only specimens with 46 chromosomes were found, and another located southwest of Barros Lake (localities 6, 11, 12, 13, 14, 17, and 22; Fig. 2) , where only specimens with 2n ϭ 48 were recorded. The contact area, site of polymorphic populations, is on the east margin of Barros Lake and west of Fortaleza Lake. In the region of contact, all diploid numbers were recorded at 4 localities (4, 18, 19, and 21; Fig 2) , but only specimens with 2n ϭ 47 were found at 3 localities (5, 10, and 20; Fig. 2) .
Analysis of Hardy-Weinberg equilibrium using pooled polymorphic populations (those inside the contact zone) revealed no deviation from expected frequencies of the karyotypes. Genotypic proportions of both homozygotes and heterozygotes follow the Hardy-Weinberg expectations (inbreeding coefficient F is ϭ 0.247, P ϭ 0.14). The al- ternative hypotheses, heterozygote deficiency and excess were rejected (P ϭ 0.999 and 0.976, respectively). Mating appears to be random among individuals, regardless of karyotypic configuration.
Frequency of metacentric chromosomes varies among populations of the contact zone. Stepped clinal variation (a sharp transition from 1 character to another) was detected in the metacentric-chromosome frequency among the populations plotted on a transect (Table 1; Fig. 3 ). The populations are not continuously distributed but fragmented into local small populations where there is an increase in the genotypic diversity.
DISCUSSION
The contact zone between karyotypic forms of C. minutus is located east of Barros Lake to the western-southwestern margin of Fortaleza Lake. If the maximum observed distributional limits of polymorphic populations are considered, variation in frequency of the metacentric chromosome in C. minutus occurs in a 10-km-wide zone. Morphological examination of cranial features from the specimens used in this study revealed a significant difference in only 1 of 11 cranial measurements (Marinho and de Freitas 2000) . Thus, individuals can be distinguished only by their karyotypes.
The populations fixed for 2n ϭ 46 occupy a northern area that spreads to the south for a distance of approximately 135 km (de Freitas 1997; Fig. 2 ). It is bounded by the Geral Mountains and the Atlantic Ocean. Populations with 2n ϭ 48 are distributed to the south for almost 110 km, including an area defined by Patos Lake to the west and the Atlantic Ocean to the east. The contact region contains an elongated swamp situated north to south in a geological depression. Populations of C. minutus usually occupy sloping drained terraces where they can avoid flooding (Gastal 1994) .
The hybrid zone for C. minutus is narrow and geographically discontinuous, with hybridizing populations fragmented into small local populations, similar to zones described for pocket gophers (Patton 1993) . The interaction among the parental populations in the contact zone is strongly patterned by the 1-dimensional coastal habitat, which constrains the possible area of parapatry. The large distribution of the 2n ϭ 46 and 2n ϭ 48 populations accentuates the narrowness of the hybrid zone. At least 3 interacting factors-selection, dispersal, and time since secondary contact-could be maintaining the hybrid zone.
Selection in hybrid zones could be either endogenous or exogenous (Barton and Gale 1993) . The latter involves adaptation of divergent taxa to different environments, with width of the hybrid determined by width of the ecotone where hybrids are more fit (Moore 1977) . When selection is endogenous, hybrids are less fit regardless of the surrounding environment (tension zone of Barton and Hewitt 1985) or have their fertility reduced as a result of chromosomal rearrangements (King 1993; White 1978 ). These models have been termed the ''hybrid-superiority model'' and the ''dynamic-equilibrium model.'' A 3rd model predicts that hybrids have neither an advantage nor a disadvantage over parental individuals (Endler 1977) .
Populations fixed for 2n ϭ 46 occur in a region with a moist, cool climate, an annual precipitation of 1,200-2,000 mm, and an average temperature of 16-18ЊC. In contrast, populations fixed for 2n ϭ 48 occur in a region of annual precipitation of 800-1,500 mm and an average temperature Ͼ18ЊC (Seplan-IBGE 1986) . It is possible to test whether the cline in the C. minutus hybrid zone is maintained selectively (exogenous selection) by applying a static cline model involving gene flow-selection equilibrium according to the equation b ϭ l 2 (1.66/w) 3 (Endler 1977) . In this model, b is the selection gradient, w is the width of the zone (10 km) and l is the gene-flow parameter, considered to be 0.1 km per generation per year as calculated for C. talarum (Pearson et al. 1968) and Thomomys (Howard and Childs 1959). The gradient selection value, b, estimated for C. minutus is 4.5 ϫ 10 Ϫ5 km
Ϫ1
. Higher values of b calculated for Uroderma bilobatum are interpreted as evidence for weak selection (Hafner 1982) . Selection estimates for broader clines such as those in pocket gopher studies, where b ϭ 5.7 ϫ 10 Ϫ9 km Ϫ1 , were 10
Ϫ4
times that in C. minutus (Hafner et al. 1983) . Beatley (1976) hypothesized that rainfall is an important environmental fac-tor for herbivorous mammals because it directly affects density of vegetation. However, the ecotone is not abrupt. It is likely that each chromosomal form confers some selective advantage in a particular environment (Nevo 1991; Patton 1973; Patton et al. 1979; Shaw et al. 1993; Wahrman et al. 1985) , although in some cases the ecotone is not as prominent and differences in habitats are not as pronounced (Patton 1973; Patton and Dingman 1968; Patton et al. 1972) . Furthermore, in some cases, the differences between the hybridizing taxa or populations are not restricted to chromosomes but may extend to other factors such as allozymes, rDNA, and mtDNA (Baker et al. 1989; Patton 1993; Shaw et al. 1993) .
Despite the trend to view chromosomal variation as a mechanism for isolation and speciation, studies of simple heterozygotes of Mus (Nachman and Searle 1995; Wallace et al. 1992) , Holochilus (Nachman 1992; Nachman and Myers 1989) , and lizards have shown that chromosomal variation may not be underdominant. Lack of evidence for heterozygote deficiency or excess in polymorphic populations of C. minutus and the weak selection gradient (b), supported by clinal variation, suggest that the rearrangement is not underdominant and that the cline is not maintained by a selection gradient arising from an environmental ecotone.
When homozygotes and heterozygotes are equally fit, parental types will diffuse into each other, producing a progressively shallower cline as a result of introgression (Endler 1977) . In this case, width of the hybrid zone will be determined by the dispersal capabilities of individuals and time since secondary contact (Endler 1977) . Therefore, clinal patterns of variation observed in this study may be the result of near-neutral dispersal of animals and time since secondary contact. As a whole, our results reflect 2 phenomena: historicalwith past patterns of colonization and isolation plus other evolutionary forces shaping the current patterns of variation; and secondary contact-with the chromosomal cline probably being the result of a balance between neutral diffusion offset by randomness because of localized population structure.
It is not easy to distinguish between primary and secondary divergence by simple analysis of cline patterns (Endler 1977) . However, the C. minutus hybrid zone is a limited point of contact between geographically widespread cytotypes. Evidence from analysis of 12 protein loci in 6 populations with 2n ϭ 46, 1 with 2n ϭ 48, and 2 populations from the hybrid zone suggests the presence of a former geographic barrier preventing gene flow among populations. The lowest Rogers' distance (D) value (0.04) was found in populations from the hybrid zone (2n ϭ 46, 47, or 48 and 2n ϭ 46 or 47- Moreira et al. 1991) , whereas an averaged D value of paired populations with 2n ϭ 46 and 2n ϭ 48 was 0.207, and among 2n ϭ 46 populations was 0.19 (D. M. Moreira, in litt.) .
Regarding geology, the Rio Grande do Sul coastal area consists of 2 subdivisions, the inner highlands and lowlands surrounding the lagoon systems. About 17,000 years ago, the continental shelf was completely above sea level and the coastal plain was 120 km wider than it is at present. At that time, the coastal plain was divided by fluvial valleys because drainage systems arriving from the highlands flowed directly into the Atlantic Ocean (Corrêa 1996) . Such drainage systems may have acted as geographic barriers in the past. When the depositional processes that built up the coastal region added a multiple barrier isolating the Patos-Mirim Lagoon system, during the Holocene transgression (5,000 years ago), the drainage systems began to flow into the lagoon.
Thus, data from protein analysis and geological evolution of Rio Grande do Sul plain are compatible with the hypotheses of divergence in allopatry and recent time of secondary contact. At present, the contact zone between the 2n ϭ 46 and 2n ϭ 48 cytotypes is close to a region of intermittent flooding (Cidreira Swamp) that may act as a barrier preventing colonization and dispersion of C. minutus. The position of the hybrid zone corroborates the observation that some hybrid zones tend to lie in regions of low population density (Barton and Hewitt 1985; Hewitt 1988) .
The genomic process that underlies chromosomal change is an important mechanism associated with chromosomal variation (Slamovits et al. 2001 ). The major satellite-DNA sequence, characterized for tuco-tucos-repetitive PuvII Ctenomys sequence, has been located in chromosomal regions with C-positive heterochromatin and may promote chromosomal change (Rossi et al. 1995) . The species C. flamarioni occupies both sides of the 1st line of dunes along the seashores of Rio Grande do Sul, parapatrically to the distribution of C. minutus. de Freitas (1994) and Slamovits et al. (2001) propose inclusion of C. flamarioni into the mendocinus group, which possesses chromosomal stability and stasis in copy number of repetitive PuvII Ctenomys sequence. This species is variable regarding C-positive heterochromatic short arms, but it is invariable regarding diploid number (2n ϭ 48-de Freitas 1994). Past geographic barriers, imposed by drainage systems, possibly isolated populations of C. minutus, promoting the fixation of new chromosomes. Such barriers to genetic flow may also have acted in C. flamarioni populations. The differences in chromosomal variability among populations of C. minutus and C. flamarioni may be associated with parameters of population ecology because they occupy different habitats, but they may also reflect molecular processes regulating and promoting chromosomal change.
RESUMO
Esse estudo descreve, em uma espécie de tuco-tuco (Ctenomys minutus), a existência de polimorfismo cromossômico resultante de hibridação entre citótipos distribuídos parapatricamente na planície costeira do sudeste Brasileiro. Foram analisados 132 espécimens provenientes de 22 locais de coleta do interior da zona de contato e áreas adjacentes. Sete populações polimórficas foram detectadas, enquanto os locais restantes estão fixados para o 2n ϭ 46 ou 48. O único rearranjo cromossômico envolvido na variação foi utilizado como um carácter Mendeliano dialélico para uma análise de Hardy-Weinberg em um pool de populações polimórficas. Aparentemente, o sistema de cruzamentos ocorre ao acaso entre os genótipos (não existe, por exemplo, cruzamentos preferenciais ou seleção purificadora). A freqüência observada do cromossomo metacênctrico apresenta uma variação clinal ao longo das populações. Como a zona de hibridação está localizada em um ecótono, é possível que seleção enxógena esteja atuando nessas populações. Contudo, a análise da clina revelou seleção exógena fraca, sendo possível que a zona seja resultante de contato secundário recente e a sua largura determinada, primeiramente, por difusão neutra. Um cenário histórico considerando o tempo, lugar e origem da espécie e suas raças cromossômicas é apresentado.
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